Solar irradiation concentration is considered a viable strategy for reducing the energy and financial investment of photo-electrochemical hydrogen generation. We quantified and compared the sustainability benefit of this approach to non-concentrating and conventional approaches using life cycle assessment coupled to device performance modeling. We formulated design guidelines to reduce the environmental impact of a device. Model devices were composed of a concentrator module (with tracking, supporting, and framing components), photoabsorbers, membrane-separated electrocatalysts, and a cooling circuit. We selected eight concentrator types covering five concentrating technologies. For each device we studied the effect of the irradiation concentration ratio, electrode to photoabsorber area ratio, manufacturing requirements, incoming irradiance, and efficiency of components on sustainability utilizing two indices: (i) the energy yield ratio, and (ii) the greenhouse gas yield ratio. Both indices combine the performance of the system and its environmental impact. Two design guidelines were formulated based on the analysis: (i) any concentration-stable photoabsorber and electrocatalyst are equally feasible at concentrations larger than 55, as their performance prevails over their energy demand, and (ii) the system needs to be designed at an optimum concentration which depends on: performance, the relative surfaces of the photoabsorber and electrode, and irradiance. This study quantified and confirmed that concentrating solar irradiation has a beneficial effect on sustainability, energy yield, and greenhouse gas emissions compared to nonconcentrated approaches. This was true for all concentrating technologies investigated. Consequently, this study provides an eco-performance-based rationale to further pursue the research and development of concentrated photo-electrochemical devices.
Introduction
The production of hydrogen by solar-driven electrolysis of water offers a direct pathway for the conversion and storage of solar energy into an energy-dense and transportable fuel. Such systems obtain their functionality by a combination of photoactive materials for charge generation and separation, and electrocatalytic materials for electrochemical reactions. Concentrating solar irradiation provides a pathway to address the cost issue of such devices using cheaper materials for radiation collection and redirection, together with a reduced area in the focal point where expensive and processing-intense materials are required to be used. 1 Concentrated photovoltaic electrolyzers (CPVEs) are relatively novel and little knowledge is available regarding their performance and environmental impact. Peharz et al. 2 and Rau et al. 3 experimentally investigated a CPVE using a GaInP/GaInAs photoabsorber, and a Pt/Ir-based polymer electrolyte membrane electrolyzer. They demonstrated 18% and 16% solar-to-hydrogen efficiency and stable performance for up to 2 and 3 hours, respectively. Conceptual designs of integrated CPVEs have also been proposed [4] [5] [6] [7] and design guidelines based on performance modeling have been provided. [6] [7] [8] Device performance decreased for concentrated irradiation due to increased current densities and corresponding increases in overpotentials, the appearance of mass transport limitations, and the decreased PV performance due to increased temperatures. These effects could be limited by appropriate dimensional and material choices. Nevertheless, holistic design guidelines are required to understand and quantify the benefit of concentrated devices. Such approaches consider efficiency but also economic and environmental impacts. Especially, characterization of the latter e.g. by quantifying specific greenhouse gas (GHG) emissions and the energy demand to manufacture and operate such a device are required in order to claim sustainability and to understand if and under which circumstances concentration can have an overall beneficial effect. Life cycle analysis (LCA) can be used to characterize and quantify the environmental impacts of a device or a process throughout its life cycle. Few LCAs have been performed on solar driven electrolysis. Zhai et al. 9 published the first LCA of a photoelectrochemical (PEC) device and used the net primary energy requirement as the output index. Their analysis focused on the energy requirements for the fabrication of the cell assuming different combinations of materials and assessing the unknown energy requirements using a thermodynamic model. They observed that the energy required for the manufacturing of photoelectrodes was about two orders of magnitude larger than the energy required for procuring the photoelectrode materials. They also found that PEC device efficiencies and longevities larger than 5% and 5 years, respectively, are needed to ensure that the device produces more energy during its lifetime than consumed during manufacture and operation. Sathre et al. 10 extended the study, reporting the energy payback time (EPBT) and the energy return of investment (EROI) of a hypothetical 180 km 2 PEC hydrogen production facility with an energy output equivalent to 1 GW. The reported EPBT and EROI -8.1 years and 1.7 -included the effect of decommissioning and balance of systems, i.e. structural supports, manifolds and pipes, pumps, compressors, storage tanks, pipelines, roads and monitoring systems. Their analysis identified the replacement of the PEC panels, the materials for the fabrication of the facility, and the compression of gases as the most energy-intense stages. A sensitivity analysis showed that the solar-to-hydrogen (STH) efficiency and the longevity of the panels were the most influential on EROI and EPBT. It is unclear if concentrated PEC (CPEC) devices and integrated CPVEs follow similar design guidelines, showing the same sensitivities, or if concentrations can reduce the environmental impact overall compared to un-concentrated PEC devices and integrated PVEs. This study provides guidelines for CPEC and CPVE using coupled technical and environmental performance indicators. We conducted a LCA of integrated CPVEs to compare, guide, and optimize the design, performance, energy requirements, and GHG emissions. We studied classical solar concentration systems requiring tracking (parabolic trough collectors, concave mirrors, solar towers, and Fresnel lens concentrators), as well as a novel self-tracking wave-guide concentrator 11 and nonconcentrating (integrated) PVE and PEC systems.
Methodology and system definition

Definition of the system and its boundaries
We followed the LCA methodology defined by the ISO standard 14040. 12 The operation of CPVEs is depicted in Fig. 1 . Solar radiation is incident on a concentrator device, concentrating the radiation (characterized by its concentration factor C) and providing it to a photoabsorber, e.g. an integrated photovoltaic Fig. 1 System boundary and operating principle of the CPVE device, incorporating a concentrator, a photoabsorber (e.g. PV cell), separated electrocatalysts (e.g. PEMEC), and channels. The arrows follow the energy, charge, and mass transfer in the system. The thin arrow indicates that only the self-tracking wave-guide concentrator exchanges heat with the water circuit. 11 The area fraction between the solar concentrator and the photoabsorber is related to the irradiation concentration, C, (C Z 1), and the area fraction between the photoabsorber and the projected electrocatalyst areas is related to the current concentration,
(PV) cell. The generated charge pairs in the photoabsorber are separated and transported to an electrocatalyst driving the water electrolysis by separate water oxidation and proton reduction reactions. The electrocatalyst and the separator operating at near room temperature are grouped and encapsulated into a proton exchange membrane electrolysis cell (PEMEC). The current concentration between the photoabsorber and electrocatalysts is possible and characterized by a factor F representing the ratio between the projected electrode area and the photoabsorber area. The PV cell and PEMEC have the same areas and current densities if they are closely integrated, A PEMEC /A PV = F = 1, otherwise F a 1 (can be smaller or larger than 1) and the current densities in the PV and PEMEC differ.
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In non-concentrating devices, the radiation of the sun is directly captured by the photoabsorber. The solar radiation is concentrated by line-focusing (parabolic trough and linear Fresnel) and point-focusing (dish, pointfocusing Fresnel, and solar tower) optical devices. These technologies require solar tracking for increased performance as the acceptance angle decreases with concentration. The concentrator module is considered to be composed of a tracking system including the metallic support of the module, and a concentrator including lenses or mirrors and array supports for the PV cell. Recently, a self-tracking solar concentrator has been demonstrated 11 using a fused silica glass wave-guide incorporating a dichroic membrane and wax layer assembly performing the actuation of light rays through its heat-driven deformation. This dichroic membrane and its deformation ensures that solar radiation with higher frequencies is reflected at an appropriate angle so as to be guided by the waveguide and concentrated onto the PV cell. The concentrator temperature increases with the rejected heat of the wax layer and can be additionally cooled to ensure optimal performance. This closely integrated concentrator which requires no additional tracking is referred to as the SHINE design.
The concentrator provides radiation to the photoabsorber, which converts it to electrical energy. The photoabsorber is an integrated multi-junction PV cell providing sufficient voltage to perform water electrolysis in the PEMEC at the highest possible current density. The PEMEC is composed of a polymeric electrolyte separating the anodic and cathodic compartments, catalytic layers, gas diffusion layers and flow plates. The anodic and cathodic electrochemical reactions, resistive losses in the liquid and solid conductors, and mass transport limitations, also taking into account bubble transport, lead to potential losses in the PEMEC. These overpotentials are especially significant for CPVEs operating at current densities comparable to commercial electrolyzers.
14 When using concentrated irradiation, the rejected heat in the PV cell and the PEMEC leads to increased temperatures. The temperature has a contradicting effect on the performance of integrated PEC or PVE devices namely it supports transport phenomena and electrochemical reactions while reducing the performance of the PV cell mainly due to increased recombination of charge carrier pairs and, consequently, reduced open circuit voltage losses. 8 In order to manage the heat flow in a CPVE for optimized performance, cooling of the PV cell and preheating of the reactants are considered. A water channel removes the heat from the PV cell and increases its temperature to the operating temperature of the PEMEC (E80 1C). The water mass flow rate must provide sufficient reactants to the electrochemical reaction while ensuring that the fluid is heated to the electrolysis temperature. For the self-tracking concentrator (the SHINE concentrator), 11 water cooling is also used within the concentrator to cool and gather the rejected heat from the wax-layer assembly. Our LCA estimates the energy demand and GHG emissions of the physical system composed of the concentrator module (including support and tracking), the PV cell (low and high performing), the PEMEC (low and high performing), and cooling/ preheating channels (see Fig. 1 ). It includes pre-production points (e.g. extraction and production of raw materials), fabrication of the components, system production, and operation (including replacement of components). The transportation and assembly phase of elements as well as the dismantling phase and recycling of materials are not considered in this LCA. The processing of hydrogen at the outlet of the PEMECcompression, storage in solids, or liquefaction -is also not included, but the impact of this process on the functional units will be assessed.
Functional units
We considered two metrics: the energy yield ratio (EYR) and the greenhouse gas yield ratio (GYR). The energy investment of photovoltaic systems is traditionally assessed by the EPBT, i.e. the lifetime at which a system has produced as much energy as it needed during its life cycle. 15, 16 The EROI is a dimensionless quantity comparing the usable energy the system returns during its lifetime to all the invested energy needed to make this energy usable, and it therefore includes the lifetime of the system. 10, 17 Richards et al. 18 underlined the fact that neither the EPBT nor the EROI include the lifetimes of the different components of the system, and proposed the EYR, a variation of the EROI, defined as: 
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The atmospheric impact of the device is assessed by the GYR in kg H 2 kg CO 2 -eq À1 , defined as: 
Life cycle inventory
The LCA investigates the energy and GHG emission data for the mining, manufacturing, and tracking operation processes only, providing a straightforward comparison of the different approaches and designs. Transportation, assembly, maintenance, and recycling of the system were not considered as they depend heavily on the location.
Cumulative energy demand of concentrator modules
The concentrator module is composed of a concentratorframe, lenses or mirrors -and a tracking unit, which also acts as a supporting structure. The cumulative energy demand (CED) of the system, the fraction of CED devoted to the manufacturing of the concentrator module, and the calculated CEDA of the concentrator and the tracking unit of already existing concentrating technologies are shown in Table 1 . Three commercial point-focusing Fresnel lens (FL) based CPV systems were considered: AMONIX 7700, FLATCON, and a CPV system studied by Nishimura et al. referred to as GOBI. [19] [20] [21] These systems consisted of Fresnel lenses arranged on a module mounted on a 2-axis (AMONIX 7700) or a 3-axis (GOBI) tracker, acting as a support structure. An LCA of the SolFocusGen1 CPV system was reported by der Minassians et al. 22 The concentrator module was made of an array of small concave mirrors (CMs) and the CED of the different concentrator components was assessed by power calculations from the machinery specifications and from the producer price via the economic input-output LCA method. 27 Caballero 23 reported the CED of the central tower concentrating system (CTS) Gemasolar, located in Southern Spain, and the CED of the parts of the parabolic trough (PT) system Valle 1, also located in Southern Spain. Krishnamurthy et al. 24 assessed the CEDA of the Eurotrough PT collectors. They assessed the CEDA based on the mass of the components and the energy embodiment of the corresponding materials. The energy demand for the trackers and the concentration of the PT and CTS was not separately specified and we therefore assumed a usual geometric concentration between 25 and 70 for the PT system, and a concentration of 1410 for the CTS. 28 For point focusing concentration technologies, the CEDA of the 2-axis or 3-axis tracker is usually of the same order of magnitude as the CEDA of the concentrator. Therefore, the CEDA of the PT tracker was estimated to be 50% of the CEDA of the concentrator as only oneaxis tracking was required. For non-concentrating (NC) devices, we used a lower CEDA, since tracker and concentrator modules were not required. Only the manufacturing energy of the aluminum frameranging between 0 MJ m À2 , for frameless laminate modules, and 400 MJ m À2 , for PV panels -and the manufacturing energy of the support structure were considered. 25, 26, 29 The calculation of the self-tracking SHINE concentrator's CEDA and CGEA were assessed in detail and are presented in the ESI. † The tracking power, i.e. the power of the motors required to operate the tracker, was estimated to be 50 W with a 12 h daily working time (30.9 MJ m À2 year À1 ) and was considered the default tracking power in our study. 19 
Cumulative energy demand of PV cells
We chose two characteristic PV cells spanning a range of PV devices working fairly well (Ga-based cells) and fairly poor (Si-based cells) under concentrated irradiation. The primary energy requirements for an a-Si/mc-Si/mc-Si multi-junction PV cell was reported by Kim and Fthenakis. 30 The boundaries of their systems included the extraction and processing of raw materials (including the chemicals needed for the deposition processes), film deposition, and module production and operation. Recycling and disposal were not considered. They estimated the CEDA of the cell for different layer thicknesses, deposition rates, and gas usage, between 950 MJ m À2 and 1510 MJ m
À2
corresponding to a mean value of 1230 MJ m À2 AE 23%. They found that the main contributions to the CEDA of these cells came from the electricity demand for the manufacturing of the View Article Online back reflector (24%), the electricity demand for the plasmaenhanced chemical vapor deposition process used to deposit the silicon layers (28%), and module manufacturing (26%). Mohr et al. 31 estimated the CEDA of a thin film GaInP/GaAs multi-junction PV cell to be 8540 MJ m À2 , almost 7 times higher than the CEDA of the Si-based cells. This large CEDA resulted from the production of high quality single-crystal GaAs and Ge wafers required as a template for deposition.
Cumulative energy demand of the PEMEC
The CEDA of the PEMEC was estimated using the data of Pehnt 32 and the ecoinvent database. 33 The obtained CEDAs were 3083 MJ m À2 and 2812 MJ m À2 , respectively, with a mean value of 2948 MJ m À2 . In Pehnt's study, PEMEC stacks of 75 kW el and 275 kW el were composed of two sets of membrane electrode assemblies, each made of two platinum loaded electrodes (0.3 mg cm À2 ), two gas diffusion layers and a trifluorostyrene polymer proton conducting membrane. These sets were encapsulated between two graphite flow field plates. Electrodes, graphite plates, and gas diffusion layer manufacturing required 44%, 38% and 12%, respectively, of the total CED. The variation of CED induced by a change of catalysts is less than 10% since platinum, one of the most expensive electrode catalysts, 34 accounted for about 10% of the total CED.
Cumulative energy demand of the water circuit
In classical CPV systems, the water consumption required to clean and cool concentrator modules is around 1 kg m À2 year
À1
. 20, 35 In PVE devices, water must additionally supply the electrochemical reaction with reactants and match the current supply. A GaInP/ GaAs PV cell produces a current density of about 25 A m À2 for an average radiation of 1953 kW h m À2 (see the reference case presented below), resulting in a minimum water consumption requirement of 38.4 kg year À1 m À2 per unit area of the PV cell. We assumed that twice as much water is required to avoid the dry out of the membrane. Since the produced current density varies linearly with concentration for these PV cell types as well as the geometrical ratio of PV to concentrator areas, the required flow rate of water is 76.8 kg year À1 m À2 per unit area of the concentrator. The energy for producing distilled water was assessed experimentally to be 3.6 kJ kg À1 by Moore et al., 36 resulting in a power cost of 0.15 MJ year À1 m À2 for a unit area of concentrator for the distilled water supply of the device, which is negligible compared to the power cost of other components. Considering a 5 mm wide, 1 mm thick, and 0.5 m long fused quartz pipe for PV cooling, the calculation showed that the pump power and CEDA to manufacture the pipe system was negligible (less than 1% of the overall energy requirement for the device).
Cumulative GHG emissions
A summary of the estimated specific emissions is given in . 33 The GHG emissions of the tracking were assessed using the average EU energy mix with 0.1 kg CO 2 -eq MJ À1
. 39 
Lifetime and degradation rates
The lifetime and degradation rates used in this study are summarized in Table 3 . The methodology guidelines for the LCAs of PV producing electricity published by the International Energy Agency have proposed a 30 year lifetime for the framing, supporting structure, and PV device. 40 This life expectancy was based on typical PV module warranties (25 years) plus an expected addition of five years beyond. The report proposed a linear degradation in PV efficiency reaching 80% of the initial efficiency at the end of a lifetime of 30 years (0.7% efficiency reduction per year) based on the measurements of Skoczek et al. 41 These data were for nonconcentrating devices and we expected an increase of degradation with increasing solar concentration. Wu et al. estimated a voltage loss of 2 to 10 mV h À1 for the PEMEC under normal operating conditions based on durability testing data. 42 Assuming a maximum of 250 mV voltage degradation before exchanging the cell, we estimated the lifetime of the PEMEC to be 10 years, which was more conservative than the 15 years of lifetime estimated by the ecoinvent database and Carmo et al. View Article Online 1 to 1000 suns (1 sun = 1 kW m À2 ) with a fill factor of around 85%, close to an ideal behavior. 43 We assumed the same behavior for the GaInP/GaAs tandem cell (band gaps of 1.9 eV and 1.43 eV) 37 and estimated its current-voltage characteristics by the Shockley-Queisser limit. 44 The current-potential behavior of a-Si/mc-Si/mc-Si PV cells under concentrated sunlight was estimated by averaging experimentally measured short circuit currents, i sc , and open circuit voltages, V oc , under standard conditions, 45 and combining these values with an experimentally measured fill factor decrease with increasing concentration under standard conditions. 46 For both PV cells, the concentrationdependence of i sc and V oc was estimated neglecting the effect of series and shunt resistances:
f 0 is the irradiation value at which the reference short circuit currents and open circuit voltage have been calculated or measured. The loss in efficiency of the PV cell at the end of its lifetime is 20%. This was implemented via a lifetimeaveraged 10% reduction in the short circuit current.
The operating voltage is the sum of the thermodynamic equilibrium potential required for the electrolysis of water under standard conditions, V 0 , and current-dependent overpotentials due to chemical reactions, Z act , mass and charge transport, Z conc and Z ohm :
The mass transfer overpotential, Z conc , includes solution concentration variations, and possible bubble transport effects that lead to a potential loss. Z conc was estimated using a phenomenological model proposed by Kim et al. 49 and fit experimental results given by Dedigama et al.
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The exchange current density required for the determination of Z act is characterized by the projected surface area but might include effects of porous, nanostructured electrodes. On the other hand, the electrode to photoabsorber cell area, F, is not meant to assess the influence of the electrode's nanostructuring on the electrochemical behavior of the PEMEC. These effects are not non-linear and involve complex phenomena that would require a lower scale model to be accurately assessed.
The potential loss of the PEMEC at the end of its lifetime is 0.250 V. An additional lifetime-averaged 0.125 V potential loss was therefore added to account for the degradation of the device. The produced hydrogen mass flow rate was calculated using Faraday's law assuming a faradaic efficiency of 100%, i.e. no current leakage or parasitic reactions are considered. Detailed information on these models is given in the ESI. †
Reference case
The parameter values for the reference case are shown in Table 4 , along with the range considered for sensitivity analysis. The AM 1.5 spectrum distribution is used and is weighed with the 1953 kW h m À2 year À1 yearly averaged direct normal insolation of Sevilla in southern Spain. We studied the response of the device with irradiance ranging from 1 kW h m À2 year À1 to 11 963 kW h m À2 year À1 (AM0 spectrum irradiance) since the response of the device is not linear with irradiance and therefore an average value may not be a representative of device performance.
We assumed full tracking of the sun for concentrating devices. For non-concentrating devices, the absence of tracking was accounted for with a reduced efficiency (50%) calculated from the 57% theoretical gain resulting from actuation. 51 The absorbed radiation was weighted by the optical efficiency of the concentrator; here the optical efficiency of the FLATCON's The reference concentrator lifetime was set to 30 years (for all components) and a CEDA value corresponding to the average of all the reported values, excluding the SHINE concentrator, was assumed. The electrode to PV cell area, F, was varied from 0.1 to 10 to symmetrically assess the effect of this parameter on the sustainability of the device. IrO 2 and Pt were selected as the best catalysts for the anode and the cathode, respectively. 52 The efficiency and lifetime of the self-tracking SHINE concentrator were examined to assess the best improvement pathways.
Results
Area fraction -C, F -variations and their influence on the EYR
C and F share the same geometrical meaning but show different performances and power cost behavior. C increases the available theoretical current density provided by the PV cell. Increasing F proportionally reduces the current density in the PEMEC, resulting in lower overpotentials and equal or higher operating currents. Typical current-potential characteristics of the PV and PEMEC are shown in Fig. 2 , where the operating current density is indicated by the intersection between the PV power curves and the PEMEC load curves. Decreasing F results in large current densities in the PEMEC, higher overpotentials at the same PV-current, and the appearance of mass transport limitations. Depending on the PV cell used, different C values are required to reach the same performance. For example, the operating current of a CPVE using a-Si/mc-Si/mc-Si PV cell and a CPVE using a GaInP/GaAs PV cell are about the same at C = 300 and C = 50, respectively, for F = 1, resulting from the low fill factor of the Si-based cell at high concentrations.
F and C also determine the area and mass of the components and therefore the power cost of the device. Fig. 3 shows the fraction of the concentrator module, PV cell, PEMEC, and tracking power on the power cost of the device per device area for the reference CPVE and the SHINE concentrator-based CPVE, both using GaInP/GaAs PV cells. Increasing C from 1 to 100 reduced the CPVE's power cost per unit device area from 674 to 96 MJ m À2 year À1 for the reference concentrator module and from 906 to 164 MJ m À2 year À1 for the SHINE concentrator module. The power cost of a device asymptotically decreased (for F = 1, and constant concentrator area) with increasing C due to the decreased required area of energyintense components (PV cells and PEMECs). As a result, the PV cell and PEMEC contributed to less than 10% of the power cost for C 4 55 in the reference concentrator and to less than 10% cost for C 4 30 in the SHINE concentrator module. At high concentrations, the power cost fractions for the PV cell and the PEMEC approached zero, resulting in a constant of 67% and 33% power cost fraction for the concentrator and the tracking using the reference CPVE, and 100% for the concentrator using the CPVE based on the self-tracking SHINE concentrator. 
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While the power cost of the device decreased with increasing C, the hydrogen production rate (per area) remained constant with increasing C as i sc is directly proportional to C. This trend was only observed up to an optimum concentration, C opt , at which the increasing overpotentials push the PEMEC's i-V-curve away from the plateau region of the PV's i-V-curve leading to a significantly lower operating current. C opt for the maximal EYR was reached at the best tradeoff between the reduced power cost and the reduced hydrogen production, as shown for the reference CPVE (see Fig. S1 , ESI †).
The combined increase of C and F is beneficial for the EYR when using GaInP/GaAs PV cells, as depicted in Fig. 4a . This behavior results from the almost constant fill factor of the PV cell with increasing C, and from the reduction of the power cost fraction of the PEMEC and the PV cell with increasing C. The maximum EYR for the reference concentrator module EYR max = 10.2 was obtained for C = 920 and F = 2.5 using GaInP/GaAs PV cells. At higher F values, the EYR decreases because power production remains at its maximum while the power cost of the PEMEC becomes more significant. The maximum EYR therefore results from a tradeoff between F, C, performance, and power cost of the device and its components. At large C and small F values, the mass transport limitations in the PEMEC lead to a sudden drop in the EYR. The device was not energetically sustainable (EYR o 1) for large F and small C values where the power cost of the PEMEC was too high, or for small F and large C values where the performance of the device was low, i.e. the operating current was small. For a-Si/m-Si/m-Si cells, the increased energy demand of the PEMEC with increasing F and the decreased fill factor with increasing C were not compensated by the beneficial effects of the reduced overpotentials in the PEMEC, see Fig. 4b . Consequently, the EYR was maximized at low F and C values, i.e. EYR max = 3.84 at F = 0.108 and C = 5 for the reference concentrator module.
An ideal PEMEC with no transport limitations (Z conc = 0) and an ideal a-Si/mc-Si/mc-Si PV cell with a constant, concentrationindependent fill factor (0.85) were tested as an optimistic case to account for the possible improvements of a-Si/mc-Si/mc-Si PV cells under concentrated radiation and for PEMEC designs that have succeeded in pushing the appearance of mass transport limitations to higher currents on a laboratory scale. 14, 53 The maximum EYR of devices using GaAs/GaInP PV cells was not modified since i sc does not depend on the PEMEC. For the same F, C opt was higher (41000) in this optimistic case and a higher EYR could be reached for lower F values as a result of the absence of mass transport overpotential. Devices using ideal a-Si/mc-Si/mc-Si PV cells showed similar trends compared to devices using GaAs/ GaInP PV cells, but exhibited a lower EYR since i sc and V oc are lower for ideal Si-based PV cells. The maximum EYR reached by devices using ideal Si-based PV cells was 6.3 compared to 3.9 in the reference case using a realistic Si-based cell. The efficiency of the PV cell consequently influences C opt and EYR max , while the efficiency of the PEMEC influences C opt only. 
Concentrator technology choice's influence on EYR
The power cost of the concentrator module, P conc. mod , is the major contributor to the overall power cost at high concentrations. Fig. 5 shows the combined effects of C and the concentrator module power cost per unit area, p conc. mod , on the EYR for F = 1. C opt is 360 for a CPVE device using a GaInP/GaAs PV cell with reference values, and varies between 10 and 20 for CPVE devices using an a-Si/m-Si/m-Si cell, since the power cost of the device is still decreasing with increasing concentration at such values of C (see Fig. 3 ). Despite a higher CEDA, using GaInP/GaAsPV cells resulted in a higher EYR, mostly because their fill factor is not changing with C and they provide larger i sc . Using a-Si/mc-Si/mc-Si PV cells, parabolic troughs showed the best EYR (EYR = 3.8 at C = 70) while SolFocus Gen1 (EYR = 0.8) and AMONIX 7700 (EYR = 0.9) were not energetically sustainable. With Ga-based PV cells, CPVE devices using parabolic trough concentrator modules showed the highest EYR among the selected concentrator technologies (EYR = 11 for C = 70) and non-concentrating devices showed the lowest (EYR = 1.6). CPVE devices using the GOBI concentrator show even better performance (EYR = 16.22), but the CEDA of the GOBI concentrator module was unreasonably low (see Table 1 ). The operating concentrations of FL-based CPVEs were higher than C opt for Si-and Ga-based PV cells. CPVEs with GaInP/GaAs PV cells and FLATCON, AMONIX 7700, or SolFocusGen1 concentrator modules have EYRs of 7.9, 5.5, and 4.8, respectively. The SHINE concentrator showed maximum EYR values of 6.7, 5.1, and 3 for 30, 20, and 10 lifetime years.
The dependence of C opt on the optical efficiency is presented in Fig. S2 (ESI †) for the reference concentrator. The increase in Z 0 led to a simultaneous increase of EYR and decrease of C opt . For example, the optimum concentration of a 40% efficient concentrator was much higher (C = 780) than the optimum concentration of a 100% efficient concentrator (C = 310). Also, the same EYR = 4 was obtained at C = 29 for a 40%-efficient concentrator and at C = 3 for a 100%-efficient concentrator, indicating that the optical efficiency is a key parameter for the optimization of the device.
The EYR of a non-concentrating device is 6.3 and 2.4 times lower than the EYR obtained by the reference concentrating device for Ga-based and Si-based PV cells, respectively.
Input power density influence on the EYR
Both C and F increase the effective power received by the PV cell but increasing C (at a constant A conc ) leads to a change in the PV cell and PEMEC cell areas leading to higher current densities. This increase in current density results in an earlier appearance of mass transport limitation for certain power inputs compared with a power increase achieved through enhanced irradiance. Fig. 6 compares the combined effect of realistic F and C on the EYR of the reference CPVE device using a GaInP/GaAs PV cell. The maximum EYR was reached for the largest possible irradiance at the corresponding C opt . We observed that the same power input can result in different EYRs, depending on whether it is provided to the PV cell by concentrating the irradiance or by increasing the irradiance. For example, an EYR of 10.2 was obtained at a concentration of C = 360 in Tabernas, Spain, at C = 10 in Phoenix, USA, and at C = 1.6 under AM 1.5 irradiance. This highlights the importance of the location on the system performance and sustainability.
The nonlinear response of the device to irradiance called into question the validity of using a yearly averaged insolation to calculate the EYR. Table 5 shows the percentage error between EYR calculations using a daily, monthly, and yearly averaged irradiance compared to the EYR values of the reference case obtained with hourly averaged irradiance for C = 1, 50, 100, and 500. Daily, monthly, and yearly averaging included night periods, and therefore underestimated the value of instantaneous irradiation values that may bring the device to current density saturation. The different behavior of GaInP/ GaAs PV cells below and above C opt = 360 explained the high errors (more than 100%) for C 4 500, while the smoother i-V curve of a-Si/mc-Si/mc-Si PV cells resulted in lower errors (less than 50%). C opt changed with irradiance, and therefore with the time in the day indicating that a device with a fixed concentration will not continuously work at its optimum. This is in accordance with the observed efficiency variations during the day and year for an optimized device. 8 Ideally, the hourly averaged irradiance should be used if available but increases the calculation time by three orders of magnitude.
Catalysts' effect on the EYR
The oxygen evolution reaction shows low exchange current densities, i 0 , and can be considered the limiting reaction. We varied i 0 of the oxygen evolution reaction between 10 À12 and 10 À4 A cm À2 in order to account for variations in the choice of the catalyst, its synthesis, changes in the operating temperature, or species concentration. Fig. 7 shows the EYR as a function of C and i 0 for the reference CPVE using a-Si/mc-Si/mc-Si PV cells. The device was sustainable for 1 o C o 540 for i 0 4 10 À10 mA cm
À2
. 
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The maximum EYR was obtained around C opt = 16 and ranged from 2.9 to 3.4 for the exchange current densities of common oxygen evolution catalysts. 52 This indicates that the choice of C is more influential on the EYR than the choice of the catalyst. The effect of i 0 variation on the EYR for GaInP/GaAs PV cells was minimal (o1.7% for a given C), mostly because Z act didn't dominate the overpotentials in the operational space considered.
GYR for different concentrator's GHG
The maximum GYR of the reference CPVE is 0.58 kg H 2 kg CO 2 -eq
À1
at C = 360 and the GYR of the self-tracking SHINE concentrator is 0.46 kg H 2 kg CO 2 -eq À1 at C = 620, both using GaAs/GaInP cells. The sensitivity analysis of the GYR showed similar trends as the sensitivity analysis of the EYR, given their close mathematical definition. Fig. 8 shows that the best GYR obtained using the non-concentrating devices (GYR = 0.2 kg H 2 kg CO 2 -eq À1 ), the AMONIX 7700 concentrator module (GYR = 0.4 kg H 2 kg CO 2 -eq
for Ga-based PV cells), and the SHINE concentrator (GYR = 0.46, 0.3 and 0.15 kg H 2 kg CO 2 -eq À1 at C = 620 for 30, 20 and 10 years of lifetime, respectively, and Ga-based PV cells) never reached 1 for the reference case. This is valid for both Si-and Ga-based PV cells. This indicates that 1 kg of produced hydrogen will generate more than 1 kg of equivalent CO 2 GHG emissions. The GYR was lower for non-concentrating devices (0.13 kg H 2 kg CO 2 -eq À1 ), the AMONIX 7700 concentrator module (0.07), and the SHINE concentrator (0.16 kg H 2 kg CO 2 -eq À1 at C = 15 and L = 30 years) using
Si-based PV cells than Ga-based PV cells because the lower hydrogen production of these cells did not compensate the reduction in GHG emissions.
The results were compared with other hydrogen processing routes for which GYR data were reported 54, 55 and were adapted to our definition and system boundary which didn't account for hydrogen production and liquefaction. The comparison of the GYR of the various processes is shown in Table 6 . The GYR for the non-concentrating PVE devices was comparable to what Koroneos et al. 54 obtained for the non-concentrating PVE (AE15%).
The GYR of our reference CPVE device (0.58 kg H 2 kg CO 2 -eq À1 ) was 1.45 times larger than the GYR of the hydrogen production driven ). Table 7 summarizes optimal EYR and GYR values obtained for reference or SHINE concentrator-based or non-concentrating CPVEs using either GaInP/GaAs or a-Si/mc-Si/mc-Si PV cells. All devices were energetically sustainable. Concentrating devices displayed a significantly better EYR than non-concentrating devices, i.e. for the same lifetime, 4.2-6.3 times higher for Ga-based cells and 1.6-2.4 times higher for Si-based PV cells. Similarly, the GYR of concentrating devices was 2.3-2.9 and 1.2-1.7 times higher than for non-concentrating devices for the same lifetime for Ga-based and Si-based PV cells, respectively. This confirms that using concentrated solar irradiation is meaningful in terms of sustainability. The sensitivity of the maximum EYR and GYR, and C opt , at which the product of EYRÁGYR is maximized for the two photoabsorbers, was analyzed by varying the reference case parameters by +20% and is depicted in Table 8 . Irradiance and optical efficiencies of the concentrator provided the highest increase in EYR and GYR (in a linear trend for both photoabsorbers) and the highest decrease in C opt for GaInP/GaAs photoabsorbers. Reducing C opt is desired as heat transfer and the management of hot spots becomes critical at high concentrations. A 20% increase of the CEDA and the CGEA of the concentrator module was followed by a negative variation of the EYR (À12% for GaInP/GaAs PV cells and À10% for a-Si/mc-Si/mc-Si photoabsorbers) and of the GYR (À9% for GaInP/GaAs and À8% for a-Si/mc-Si/mc-Si photoabsorbers). F impacted the value of C opt in a significant way, i.e. a variation of F by 20% leads to an increase in C opt by 22% for GaInP/GaAs PV cells and by 15% for a-Si/mc-Si/mc-Si PV cells. F has no significant effect on the maximum EYR and GYR since the energy fraction of the PEMEC and PV cells was already negligible. The variation of i 0 was too low to be significant (o0.01%). Storage of hydrogen was not considered in this study but will reduce the EYR of the device by 10%, as this is the fraction of the LHV H 2 required for liquefaction. 56 
Sensitivity analysis
Summary and conclusion
We conducted a life cycle assessment of an integrated solar powered electrolyzer device with a concentrated solar radiation input. The objective of solar irradiation concentration in solar View Article Online assisted hydrogen production is to reduce the weight and area of expensive, complex, and rare materials and device components, as these usually dominate the energy and financial costs of an overall device. A comparison and optimization of the performance, energy requirements, and greenhouse gas emissions between different concentrating technologies was conducted, and guidelines for a long-term energy strategy were formulated. The device included a concentrator, a photoabsorber (photovoltaic cell), separated electrocatalysts (a proton exchange membrane electrolysis cell), and a cooling system. Commercial solar concentrating technologies -parabolic troughs, solar towers, and Fresnel lenses -were studied, along with a novel self-tracking wave-guide concentrator (called SHINE), as well as non-concentrating devices. These devices were compared using two eco-performance indicators: (i) the energy yield ratio (EYR), and (ii) the greenhouse gas yield ratio (GYR). The EYR and GYR account for the hydrogen production, the energy demand (or greenhouse gas emissions), the lifetime of the components, and the device operating power. The system boundary of this study included the extraction and processing of materials to manufacture the elements of the device as well as device operation. The energy requirement data were obtained from previous LCAs on concentrated solar technologies and PV cells and from the ecoinvent database. These data were coupled to a 0D performance model calibrated and fed with reported experimental data. The behavior of Si-based PV was fitted to a phenomenological performance model and the ShockleyQueisser limit was used to approximate the reported characteristics of Ga-based PV cells. An experimentally validated analytical model of the PEMEC was extended with a phenomenological mass transport term. Parameters such as irradiation fluxes, concentrator's optical efficiency, short circuit currents, open circuit voltages, electrical conductivities of the membrane, charge transfer coefficients and exchange current densities were taken from the reported experimental results.
Our study showed that the contribution of the PV cell and PEMEC components to the total power cost and green-house gas (GHG) emissions becomes less than 10% for concentrations above 55 for Ga-based and Si-based PV cells irrespective of the concentrating technology used. At high concentrations, the total energy cost of the device was mostly driven by the concentrator and by the power required for solar tracking. Therefore, the use of efficient absorbers and catalysts, which are generally the financial bottleneck of non-concentrated devices, can be chosen as long as they exhibit stability and large efficiency for hydrogen production at large irradiation concentrations. The power cost of the water circuit was less than 1% of the overall energy demand. This power cost could be reduced by adjusting the water demand to the required rate for electrolysis; however the energy gain would have to exceed the energy demand for any required auxiliary cooling system and heat exchanger. The operating power costs for tracking and water supply accounted for at least 20% of the total power cost. Potential self-tracking devices such as the novel SHINE concentrator reduced the tracking energy to zero.
The obtained values for the EYR were larger than 1 in most cases for a device using GaInP/GaAs PV cells attesting the sustainability of these devices. Devices using parabolic trough concentrating technologies showed the highest EYRs and GYRs. The EYR and GYR calculations of the novel, self-tracking SHINE concentrator predicted similar eco-performance to other high concentrating technologies (with C 4 500, such as Fresnel lens based concentrating technologies), motivating further development of these novel concentrator types. These devices operated at the maximal EYR and GYR for an optimized concentration (C opt ), at which point the fill factor of the PV cell, the overpotentials in the PEMEC, and especially the mass transport limitations in the PEMEC start to dominate the behavior. This limit could be pushed towards higher concentrations by increasing the area of the PEMEC electrode (increasing F), resulting in a decrease of the overpotentials in the PEMEC. This increase in F is limited, as it simultaneously increases the PEMEC energy requirements. The optimum concentration depends on the material choices (mainly PV performance and concentrator optical efficiency), device design (F), and operating conditions (F), and is sensitive to the varying irradiation conditions (corresponding to spatial, daily, and seasonal irradiation variations), ideally requiring a concentrator with an adaptable concentration range. Such flexibility is not provided by current concentrating technologies and switching between concentrating technologies would be required. The concentration of the SHINE concentrator can be tailored to define a wide range of concentrations, making it particularly interesting for this application. The development of the self-tracking concentrator is able to follow the guidelines presented in this study additionally targeting materials that can further reduce the high CEDA of these devices.
The EYR and GYR of the device could be increased when utilizing the device in a location with larger irradiance than Sevilla (irradiance of 1953 kW h m À2 year
À1
, chosen as a reference). Higher irradiance results in larger hydrogen production and lower optimum concentration values. We expect that the influence of the CO 2 -intensity of the energy mix of the new location would lead to an insignificant increase in GYR. This study showed that the EYR and GYR remain quite stable (variations within AE1.3% and AE0.2% for the EYR and GYR) over a range of concentrations from 100 to 300 for GaAs/GaInP cells, contrary to Si-based PV cells (more than AE7% for concentrations between 10 and 30). A concentration of 200 is recommended for Ga-based cells to account for the daily and seasonal irradiance variations. Furthermore, locations with higher irradiance are more beneficial for the sustainability of a device than locations with lower irradiance. Higher irradiation can compensate for lower concentration. Irradiance and optical efficiency of the concentrator were shown to be the most relevant parameters to improve the sustainability of the device since the variation of EYR and GYR is linear with these parameters in every configuration. The influence of exchange current density was negligible for devices with GaInP/GaAs PV cells with less than 1.7% variation for a given C for a range of values between 10 À12 and 10 À4 A cm
À2
. This study revealed that hydrogen processing by the CPVE outperforms, in terms of the GYR, the hydrogen production by View Article Online non-concentrating PV cells, as well as biomass gasification and natural gas steam reforming, while it unfavorably performs compared to hydrogen produced by hydro-powered electrolysis or wind energy-driven electrolysis. This study also revealed that the greenhouse gas emissions of hydrogen produced using an integrated concentrated PV electrolyzer device during its life cycle were up to seven times lower than that produced by hydrogen production through autocatalytic decomposition, non-concentrating PV electrolysis, or natural gas steam reforming. This study confirmed and quantified the beneficial effects of using irradiation concentration on sustainability, energy costs, and GHG emissions. The EYR increased from 1.6 to 6.3 times, and the GYR increased from 1.2 to 2.9 times, respectively, when using concentration compared to non-concentration devices, the exact value depending on the component choices. This study confirmed that concentrating solar irradiation has a beneficial effect on the sustainability, energy yield, and greenhouse gas emission compared to non-concentrating approaches. This was true for all concentrating technologies investigated. Consequently, this study provides an eco-performance-based rationale to further pursue and intensify the research and development of concentrated photo-electrochemical devices.
